The Period -metallicity -K band luminosity (PL K ) relation for RR Lyrae stars in 15 Galactic globular clusters and in the LMC globular cluster Reticulum has been derived. It is based on accurate near infrared (K) photometry combined with 2MASS and other literature data. The PL K relation has been calibrated and compared with the previous empirical and theoretical determinations in literature. The zero point of the absolute calibration has been obtained from the K magnitude of RR Lyr whose distance modulus has been measured via trigonometric parallax with HST. Using this relation we obtain a distance modulus to the LMC of (m − M ) 0 = 18.54 ± 0.15 mag, in good agreement with recent determinations based on the analysis of Cepheid variable stars.
INTRODUCTION
RR Lyrae, as well as classical Cepheids, are considered standard candles for estimating stellar distances in the Milky Way and to Local Group galaxies. They are produced in old stellar populations, and hence they provide important information for an understanding of the age, structure and formation of their parent stellar systems. As typical Population II stars, RR Lyrae are abundant in globular clusters and have been the subject of a huge number of studies for more than a century.
Although the pulsation theory explains quite well the connection between most of the involved physical quantities (van Albada & Baker 1971; Caputo, Marconi & Santolamazza 1998) , the dependence of intrinsic luminosity on metal content has been the subject of debate for nearly three decades (see Smith 1995 for a review) . Only recently the slope of the luminosity-metallicity relation MV -[Fe/H] seems to be converging towards a value ∼0.20-0.23 that appears to be "universal" as supported by the most accurate studies of field RR Lyrae stars in the Milky Way (Fernley et al. 1998; Chaboyer 1999) and in the Large Magellanic Cloud (LMC, Gratton et al. 2004) , and globular clusters in M31 (Rich et al. 2005) .
⋆ Based on observations collected at the European Southern Observatory within the observing programs 49.5-0021, 51.5-0024, 59.E-0340, 64.N-0038, 68.D-0287 and at the Telescopio Nazionale Galileo. † E-mail: antonio.sollima@bo.astro.it (AS) Near infrared observations of variable stars present several advantages over optical investigations: a smaller dependence on interstellar extinction and metallicity, a smaller pulsational amplitude and more symmetrical light curves, and hence good mean magnitudes. In the last 20 years the calibration of the RR Lyrae period-IR luminosity relation (PLK ) has been the subject of several empirical and theoretical investigations (see Sect. 3), but there still remains some degree of uncertainty on the dependence of MK on period and metallicity. To solve the problem of the dependence of MK (RR) on these physical quantities, a large sample of RR Lyrae stars is needed, spanning a wide range of [Fe/H], for which accurate K and [Fe/H] measurements are available.
In this paper we present an accurate analysis of the infrared photometric properties of 538 RR Lyrae variables (376 RRab and 162 RRc) in 16 globular clusters (GC) with −2.15 < [F e/H] < −0.9. This more than doubles the number of stars used in the previous largest study of this type (Nemec, Linnell Nemec & Lutz 1994) . By means of such a large database we calibrated the PLK relation constraining its dependence on period and metallicity on a strictly observational basis.
In §2 we describe the sample of RR Lyrae stars and the used photometric IR datasets. §3 is devoted to the description of the adopted method to calibrate the PLK relation. In §4 we use the derived PLK relation to estimate the distance to the calibrator GCs and to a sample of field RR Lyrae stars in the LMC, and compare the results with the previ-ous determinations in literature. Finally, we summarize our results in §5.
OBSERVATIONS
The data used in the present analysis consist of K photometry for the central regions of 9 GCs (M4, M5, M15, M55, M68, M92, M107 and ω Cen) derived from a set of images secured at the Telescopio Nazionale Galileo (TNG, Canary Islands), using the near-IR cameras ARNICA, and at the European Southern Observatory (ESO, La Silla), using the near-IR camera IRAC-2 and SOFI. A detailed description of the data reduction and calibration procedure can be found in Ferraro et al. (2000) , , and Sollima et al. (2004) . All measured instrumental magnitudes were transformed into the Two-Micron All-Sky Survey (2MASS) 1 photometric system. To extend our analysis to the outer regions of these clusters, we correlated our catalogs with the database obtained by 2MASS that extends to a wide area up to 15' from the cluster centers. The 2MASS K photometry for 5 additional GCs (M22, NGC 3201, NGC 5897, NGC 6362 and NGC 6584) was also considered.
For each cluster we identified a large number of variable stars by cross-correlating the IR catalog with the most comprehensive catalog of GC variable stars available in literature (Clement et al. 2001) . Since the adopted K magnitudes are the average of repeated exposures and the K light curves of RR Lyrae variables have a fairly sinusoidal low amplitude shape, we assumed our K magnitudes as the mean magnitudes of the identified variables. Note that the individual K values from different datasets generally agree within less than 0.1 mag. So, we assumed ±0.1 mag as a plausible error to attach to the mean K magnitudes used in the following analysis.
In addition, we considered the K photometry of RR Lyrae stars taken by Longmore et al. (1990, for variables in the clusters M3, M4, M5, M15, M107 and NGC 3201), Storm et al. (2004, IC4499) , Butler (2003, M3) , Dall'Ora et al. (2004, Reticulum) and Del Principe et al. (2005, M92) . All magnitudes were reported to the homogeneous photometric system of 2MASS using the transformation equations provided by Carpenter (2001) . Table 1 lists for each calibrator GC the metallicity (in the Carretta & Gratton 1997 scale) and the reddening coefficient E(B-V) from Ferraro et al. (1999) together with the number of RR Lyrae considered in the present analysis.
METHOD
Theoretical studies on RR Lyrae stars performed in the past indicated a relationship between (infrared) luminosity, metallicity and period of the form where PF indicates the period of the variables pulsating in the fundamental mode (RRab-type). The apparent K magnitude can be obtained by adding to both sides of eq (1) the K distance modulus
Several authors have calibrated PLK relations, in the form of eq. (1), on the basis of observations in GCs and field RR Lyrae stars. In Table 2 the obtained empirical and theoretical PLK relations are summarized. All the empirical relations use metallicities in the Zinn & West (1984) metallicity scale. Note that while the dependence on the period is quite consistent between the empirical and the theoretical values, the dependence on metallicity is about 3 times larger in theoretical estimates.
In the following sections we describe the adopted method to estimate the coefficients α, β and γ of eq. (1) using only observational constraints.
Dependence on Period (α)
The advantage of using GCs in constraining the coefficients α, β and γ lies in the fact that all the stars in a given cluster are at the same distance, and can be considered to share the same metal content and be subject to the same extinction effect. Therefore, within a given globular cluster eq. (2) can be written in the form
where C contains the information on reddening, metallicity and distance for that cluster. As a first step we estimate the constant C for each calibrator GC by assuming a first guess value α = −2.4 (Nemec et al. 1994) and averaging the left-hand side of eq. (3) for all the cluster RR Lyrae stars. First overtone RR Lyrae (RRc) are included in the analysis after correcting their periods by adding a constant term (∆log P = 0.127). Outliers are identified as those stars whose C values differ from the median more than 3 times the semi-interquartile range 2 and rejected. Then, we scale the apparent K magnitudes for the corresponding value of C for each sample of GC RR Lyrae, merge all the samples together and best-fit eq. (3) by ordinary least squares thus estimating an updated value of α. An iterative procedure is carried out until a stable value of α is obtained. In Fig. 1 the distribution of the RR Lyrae scaled K magnitudes (K0 = K − C) as a function of periods is shown for each of the 16 calibrator GCs. The procedure described above converges in few iterations to a global value of α = −2.38 ± 0.04 (see Fig.  2 ) and is insensitive to the first guess of α. The value of α estimated above is in good agreement with both empirical and theoretical estimates obtained in previous studies (see Table 2 ).
In Fig 3 we plot the individual slopes αi calculated separately for each calibrator GC as a function of the clus-2 The interquartile range is defined as the distance between the 25 th and the 75 th percentile of the parent cumulative distribution of a given set of data. ter metallicity. Note that, whereas an average value around α = −2.35 is generally a good approximation for most clusters, α can significantly vary along the entire metallicity range. A Spearman rank correlation test gives a 78% probability that the two variables (α and [F e/H]) are correlated between them. This effect is due to the complex interplay of dependences of the mass-luminosity, luminositytemperature and K bolometric correction-temperature relations on metallicity that drives metal-rich variables to steeper PLK relations. So, from this point of view the PLK -[Fe/H] relation is a bit less universal than we might wish.
Dependence on Metallicity (β)
Once the coefficient α is derived, two other parameters still remain to be derived in eq. (2) namely the slope β = δK/δ[F e/H] and the zero point γ. Since both metallicity and distance vary from cluster to cluster, there is an evident degeneracy between the coefficient β and the additive term γ + (m − M )K. No constraints can be assessed for β without an "a priori" knowledge on the distance and reddening of a subsample of our calibrator GCs. In order to disentangle this degeneracy in a homogeneous and completely observational way, we consider the distance determinations by Carretta et al. (2000) based on the application of the MS fitting technique to a sample of 12 GCs using Hipparcos trigonometric parallaxes of local subdwarfs. Table 3 lists the adopted distances and reddening coefficients for the 4 GCs (M5, M15, M68 and M92) in common between our sample and that of Carretta et al. (2000) . Absolute distance moduli were converted to K band ones adopting the reddening coefficient AK/E(B − V ) = 0.38 (Savage & Mathis 1979) . Fig. 4 shows the bestfit of eq. (1). The resulting metallicity slope turns out to be β = 0.08 ± 0.11 in full agreement with the values estimated in the past empirical studies listed in Table 2 . The large uncertainty on the coefficient β reflects the sparse number of calibrator GCs. However, although such an uncertainty does not allow a conclusive sentence, our analysis confirms the discrepancy between the observed dependence of the PLK relation on metallicity and that predicted by theoretical analyses.
Zero Point of the PLK relation (γ)
The approach adopted in Sect. 3.2 allows to derive also the zero point of the PLK relation (γ) directly by the bestfit of eq. (1) for the 4 GCs with known distances. However, although the relative distances of the GCs in the Carretta et al. (2000) sample are homogeneous between them, the zero point of that distance scale could be affected by systematic errors. As discussed by Gratton et al. (2003) , the distance scale based on the MS fitting method could actually be ∼ 0.1 mag fainter (i.e. longer) than that estimated by Carretta et al. (2000) . For this reason we decided to calibrate our PLK relation using the K magnitude of the variable RR Lyr, whose trigonometric parallax has been recently determined with HST (Benedict et al. 2002) . We adopt for RR Lyr the period P=0.5668054 (Kazarovets, Samus & Durlevich 2001) , the reddening coefficient E(B − V ) = 0.02 (Benedict et al. 2002) , the metallicity [F e/H] = −1.39 (Clementini et al. 1995) and the distance modulus (m − M )0 = 7.08 ± 0.11 (Benedict et al. 2002) . We use the value K2MASS = 6.52 as the average of two measures taken half a cycle apart (Fernley, Skillen & Burki 1993) . Given the relatively small amplitude and with the additional help of the templates by Jones, Carney & Fulbright (1996) , we assumed this average to be reasonably close to the mean magnitude. Some additional uncertainty is given by the Blazhko effect that modulates the shape of the light curve with a double periodicity of 41 days and 4 years (Detre & Szeidl, 1973) . Although the Blazhko modulation does not affect the intrinsic value of the mean magnitude, its estimate from two data points may be affected. So, in absence of a detailed and accurate K light curve for RR Lyr, we adopt the mean value K=6.52 (and hence MK =-0.57), and we associate an error of ±0.10 mag rather than the 1σ error of ∼0.07 mag proposed by Fernley et al. (1993) . The location of RR Lyr in the (MK −α logPF )−[F e/H] plane is plotted in Fig. 4 . As can be noted the absolute (period scaled) MK magnitude of RR Lyr is 0.1 mag fainter than the value predicted by the bestfit of eq (1) for the 4 GCs listed in Table 3 , in agreement with Gratton et al.'s (2003) considerations. Then, by constraining our PLK relation to fit the absolute K magnitude of RR Lyr, we derive the zero point of the calibration, γ = −1.05 ± 0.13. The uncertainty on the zero point is calculated by propagating the error on the parallax of RR Lyr with the resulting rms of the best-fit shown in Fig. 2 . As a result of this procedure, we obtain the following PLK relations, in the Carretta & Gratton (1997) and Zinn & West (1984) 
THE DISTANCE TO THE CALIBRATOR GCS AND TO THE LMC
We used such a relation to derive the distances to the calibrator GCs listed in Table 1 . Distances were derived by bestfitting the eq. (4) to the RR Lyrae K magnitudes for each GC applying the outliers rejection procedure described in Sect. 3.1. The derived distance moduli are listed in Table  4 .
As an independent check, we apply this procedure to the sample of RR Lyrae stars in the inner regions of the LMC whose metallicities (in the Zinn & West 1984 scale) and K magnitudes were derived by Borissova et al. (2004) . The observed K magnitudes are corrected by -0.044 mag to convert them into the 2MASS photometric system according to Carpenter (2001) . We adopt the reddening coefficient E(B − V ) = 0.11 . The resulting distance modulus to the LMC turns out to be (m − M )0 = 18.54 ± 0.15, in good agreement with the most recent infrared studies of Cepheid variables in the LMC (Persson et al., 2004; Gieren et al., 2005) .
CONCLUSIONS
From an accurate analysis of 538 RR Lyrae variables in 16 GCs using infrared (K-band) photometry we derive a PLK relation based on purely observational constraints. The derived dependences of the K magnitude on period and metallicity are in good agreement with those estimated by previous empirical studies. We confirm that the metallicity coefficient is about 2-3 times smaller than that predicted by theoretical models, as it was found in all previous empirical analyses. The zero point of the calibration has been tied to the trigonometric parallax of RR Lyr measured with HST by Benedict et al. (2002) . This calibration has been used to derive the distances to the 16 calibrator GCs considered in this analysis. As a further check, this relation has been applied to RR Lyrae stars in a few central fields in the LMC yielding a distance modulus (m − M )0 = 18.54 ± 0.15, in good agreement with the most recent determinations based on Cepheid variables (Persson et al., 2004; Gieren et al., 2005) .
